The effects of two light intensities on the concentration of several flavonoids were investigated in the cotyledons of common buckwheat seedlings. The study was performed on four days old seedlings of cvs. Hruszowska, Panda, Kora and Red Corolla. One group of seedlings was grown under exposure to 180 ± 20 μmol • m -2 • s -1 photosynthetically active radiation, whereas the other group was exposed to 360 ± 20 μmol • m -2 • s -1 . The experiment lasted 5 days. The results revealed that light intensity induces changes in the levels of flavonols and flavones. Increased light intensity contributed to a decrease in the concentrations of all flavone C-glucosides: orientin (luteolin-8-C-glucoside) and iso-orientin (luteolin-6-C-glucoside), and apigenin: vitexin (apigenin-8-C-glucoside) and iso-vitexin (apigenin-6-C-glucoside). Simultaneously, a substantial increase in the content of flavonols, i.e. quercetin O-glycosides, was found. To the best of our knowledge, this is the first evidence to demonstrate the contrary responses of plant flavonols and flavones to light intensity. The content of anthocyanin also increased under exposure to higher light intensity. Our results indicate that quercetin O-glycosides can play a similar role to anthocyanins in the cotyledons of common buckwheat seedlings. Results of correlation analysis indicate that the increase in flavonol and anthocyanin concentrations in response to higher light intensity is maintained through reduced accumulation of flavones and proanthocyanidins.
Introduction
Light is known to regulate plant growth and the biosynthesis of primary and secondary metabolites (Liu et al. 2002; Hemm et al. 2004; Jaakola and Hohtola 2010) . The rapid induction of flavonoid biosynthesis under exposure to high-intensity light testifies to the important role played by flavonoids in photoprotection (Gould 2004; Zoratti et al. 2014) . Research has demonstrated that the biosynthesis of flavonoids is light dependent, but the mechanisms involved in this process have not been fully elucidated. In fruit, greater exposure to sunlight increases flavonoid content and, consequently, influences the color and nutritional quality of fruit (Zoratti et al. 2014) .
Flavonoids are polyphenolic compounds having the general structure of a 15-carbon skeleton, which consists of two phenyl rings connected by a 3-carbon bridge. Flavonoid biosynthesis takes place through the phenylpropanoid pathway, leading to the formation of their main classes: flavonols, flavones and anthocyanins (Winkel-Shirley 2001) . The flavonols are the most widespread of the flavonoids in plant tissues. They include quercetin, kaempferol, and myricetin, but the quercetin is the most ubiquitous. Flavonols in plant tissues are mostly in the form of O-glycosides. Flavones are not widely distributed, and are mainly represented in the plants by C-glucosides of apigenin and luteolin (Del Rio et al. 2013 ). Anthocyanins are plant pigments which are responsible for diverse colors of flowers and fruits. In nature, they occur primarily as glycosides of their respective aglycone anthocyanidin. Among anthocyanidins, cyanidin is the most ubiquitous in plants (Gould 2004) .
All main classes of flavonoids are present in buckwheat seedling: flavonols, flavones and anthocyanins (Gupta et al. 2011; Horbowicz et al. 2011; Suzuki et al. 2015) . Rutin (quercetin-3-rutinoside, or quercetin-3-O-glucosyl-rhamnoside), the major flavonol, occurs in the leaves, stems, flowers and fruit of buckwheat. Apart from the rutin in the seedling of buckwheat occurs quercetin-3-O-galactosyl-rhamnoside. The flavones present in buckwheat seedlings are vitexin (apigenin-8-C-glucoside), iso-vitexin (apigenin-6-C-glucoside), orientin (luteolin-8-C-glucoside) and iso-orientin (luteolin-6-C-glucoside) (Wiczkowski et al. 2014) . The high level of flavonols and flavones in buckwheat leaves is accompanied by anthocyanins. They are accumulated mainly in buckwheat stem, but occur also in leaves where they are masked by chlorophylls. In buckwheat tissues mainly O-glycosides of cyanidin are present (Wiczkowski et al. 2014) .
Due to their abundance in various classes of flavonoids, buckwheat plants are often used in research to investigate the influence of numerous factors on these compounds Dadáková 2006, 2012; Kim et al. 2006; Horbowicz et al. 2011 Horbowicz et al. , 2015 . The green sprouts of common buckwheat are popular in Asian cuisine. Buckwheat sprouts are germinated in darkness for several days, after which they are transferred to light conditions and are harvested when they turn green (Kim et al. 2006) .
The aim of this study was to examine the effect of light intensity on the content of particular flavonoids in the cotyledons of common buckwheat seedlings. The observed changes in flavonoid concentrations were compared between the evaluated buckwheat cultivars.
Materials and Methods

Plant material and treatments
The study was performed on seedlings of common buckwheat (Fagopyrum esculentum Moench) cvs. Hruszowska, Panda, Kora and Red Corolla. Red Corolla is a cross between cv. Hruszowska and the Buryatskaya population grown in the steppe region of the former Cereal Research Communications 45, 2017 USSR. Hruszowska has been widely cultivated in Poland since the 1950s. Panda and Kora are genetically close to Hruszowska because they were bred from this cultivar and introduced for commercial use in the 1990s. Seeds of all cultivars have been obtained from Plant Breeding Station, Palikije, Lublin province, Poland.
Four-day-old buckwheat seedlings were grown as described by Horbowicz et al. (2011) . The seedlings were transferred to controlled conditions with a 16/8 h light/dark photoperiod and day/night temperature of 24/18 °C. They were exposed to photosynthetically active radiation (PAR) with the intensity of 180 ± 20 μmol · m -2 · s -1 , which was provided by 400 W high-pressure sodium lamps (Plantastar 400W E40, Osram, Germany). The seedlings were grown in one-fifth Hoagland solution (Horbowicz et al. 2011) . After two days of incubation, buckwheat seedlings were divided into two batches. One batch was exposed to 180 ± 20 μmol · m -2 · s -1 PAR and the other batch to 360 ± 20 μmol · m -2 · s -1 PAR. The experiment lasted 5 days. Light intensity was controlled by positioning lamps at an appropriate height, and it was measured with the HD2102.1 portable Photo-Radiometer equipped with the LP 471 PAR probe (Delta OHM, Italy). At the end of the experiment, cotyledons were sampled from 20-25 seedlings per replicate and analyzed to determine the concentrations of flavones, flavonols, anthocyanins and proanthocyanidins. Before analyses, the samples were freeze-dried in a laboratory freeze dryer (Alpha 1-2 LD plus; Christ, Germany) and ground in a Tube Mill (IKA, Germany). The content of flavonoids and total phenolics was expressed on a dry weight basis obtained by freeze-drying.
Determination of flavonoid contents
Concentrations of flavones, flavonols and anthocyanins were analyzed according to Horbowicz et al. (2011 Horbowicz et al. ( , 2015 . Briefly, ground samples of buckwheat cotyledons were fivefold extracted by sonication with a mixture of 60% methanol and 0.4% trifluoroacetic acid.
HPLC analysis was carried out in a DAD-MS-ESI system (Shimadzu, Japan) equipped with a 250 × 2.0 mm i.d. Cadenza CD-C18 3 μm column (Imtakt, Japan). The HPLC system contained two pumps (LC-10 ADVP), DAD detector (SPD-M10 AVP), set to 350 nm (flavones and flavonols) and 520 nm (anthocyanins), MS detector (QP8000α), autosampler (SIL-10 ADVP), column oven (CTO -10 ASVP) and system controller (SCL-10 AVP). The gradient elution system comprised solvent A (water/acetonitrile/formic acid, 89:6:5) and solvent B (water/acetonitrile/formic acid, 15:80:5). Flavonoid concentrations were calculated with commercial standards supplied by Polyphenols (Norway) and Extrasynthese (France), excluding quercetin-3-O-galactosyl-rhamnoside and cyanidin-3-Ogalactosyl-rhamnoside whose content was calculated based on the standards for rutin and cyanidin-3-O-glucosyl-rhamnoside, respectively. Quercetin-3-O-galactosyl-rhamnoside and cyanidin-3-O-galactosyl-rhamnoside were identified based on previously published data (Wiczkowski et al. 2014) . Concentrations of proanthocyanidins were analyzed according to Horbowicz et al. (2011) .
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Statistical analysis
Two-way analysis of variance (ANOVA) with Tukey's post-hoc test were used to assess the significance of differences between the mean flavonoid content in the cotyledons of four buckwheat cultivars exposed to two light intensities. Data were regarded as statistically significant at P ≤ 0.05. Calculations were performed in Statistica 12 software (StatSoft) . The values of the linear Pearson correlation coefficient (r) were calculated to determine the presence of statistically significant relationships between total flavonol, flavone, anthocyanin and procyanidin concentrations.
Results
In our study, exposure to higher light intensity (360 μmol · m -2 · s -1 ) led to a considerable decrease in the content of all apigenin and luteolin C-glycosides relative to low-intensity light conditions (180 μmol · m -2 · s -1 ) ( Table 1 ). The greatest reduction in the levels of these flavonoids was noted in Hruszowska. In contrast, flavonol (glycosides of querce- The mean values marked with different letters for each flavonoid were statistically significant at P ≤ 0.05 with Tukey's posthoc test.
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tin) content clearly increased in the cotyledons of seedlings exposed to higher light intensity. A significant, nearly twofold increase in rutin levels was observed in Panda and Kora.
In the cotyledons, higher light intensity increased the accumulation of cyanidin-3-Ogalactosyl-rhamnoside and cyanidin-3-O-glucosyl-rhamnoside except for Hruszowska ( Table 2 ). The cotyledons of Red Corolla were more abundant in rutin, but contained less flavones and proanthocyanidins than other cultivars (Tables 1 and 2 ). Under exposure to higher light intensities, proanthocyanidin concentrations decreased in Kora and Hruszowska, but not in Red Corolla or Panda. At the same time, exposure to higher light intensity tended to inhibit the growth of aerial parts in Kora and Hruszowska, but in the case of Panda and Red Corolla this phenomenon has not been observed (data not shown). The mean values marked with different letters for each flavonoid were considered statistically significant at P ≤ 0.05 with Tukey's post-hoc test.
A negative correlation was noted between the content of total flavonols and flavones. A similar relationship was observed between the concentrations of proanthocyanidins and flavonols, and between proanthocyanidin and total anthocyanin levels (Table 3 ; Table S1*).
Discussion
The presence of light is crucial for the biosynthesis of various types of flavonoids (Jaakola and Hohtola 2010; Zoratti et al. 2014) . In apples, the concentrations of phenolic acids, anthocyanins and flavonols increased in response to irradiation, whereas the content of flavanols, procyanidins and dihydrochalcones remained constant (Bakhshi and Arakawa 2006) . In our previous study, which was performed on the cotyledons of etiolated buckwheat seedlings the de-etiolation process stimulated the accumulation of all flavonoid types (Horbowicz et al. 2015) .
The results of the present study indicate that particular type of flavonoids react differently to the intensity of light (Table 1) . Our findings are partially consistent with the results reported by Neugart et al. (2013) in kale (Brassica oleracea var. sabellica), where the concentrations of most quercetin glycosides increased with a rise in PAR levels, and the results reported by Zoratti et al. (2014) in the leaves of Ligustrum vulgare. The concentrations of flavonol aglycones also increased in the leaves of two Brassica species exposed to higher PAR levels (Fallovo et al. 2011) . Furthermore, Løvdal et al. (2010) demonstrated that higher light intensity contributed to the accumulation of flavonols in the leaves of tomato plants. In the leaves of Ginkgo biloba, the expression of major genes responsible for flavonoid biosynthesis was highest under 100% sunlight exposure (Xu et al. 2014 ). In contrast, Ghasemzadeh et al. (2010) found that the concentrations of most flavonoids in Malaysian ginger (Zingiber officinale) were higher when the plant was grown under light exposure of 310 μmol · m -2 · s -1 than 790 μmol · m -2 · s -1 . Also, Bergquist et al. (2007) reported that the flavonoid content of spinach leaves increased when the plants were grown under shade.
Sunlight exposure of 76% produced the highest flavonol levels, whereas total flavonoids peaked at 100% exposure. On the other hand, in the leaves of Anoectochilus formosanus, an increase in light intensity from 10 to 60 μmol · m -2 · s -1 provoked a rise in total flavonoid concentrations (Ma et al. 2010) , but the highest light intensity (90 μmol · m -2 · s -1 ) induced stress, reduced flavonoid accumulation and plant growth. Those differences can probably be attributed to the evolutionary adaptation of various species to growth under different light intensities.
The differences in flavone and flavonol concentrations in plants exposed to various light intensities can probably be attributed to the roles played by those compounds in epidermis and mesophilic cells (Agati and Tattini 2010) . There is evidence that the levels of epidermal flavonoids increase under exposure to UV-B irradiation, whereas the con-*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
centrations of mesophyll flavonoids and other phenolic compounds remain stable (Burchard et al. 2000 ). It appears that in common buckwheat cotyledons, quercetin O-glycosides are occurred mainly in the epidermal layer, whereas apigenin and luteolin C-glucosides are localized in the mesophyll layer. However, this hypothesis requires further investigation and a detailed analysis of flavonoids in epidermal and mesophyll cells. Flavones interact with microbes, insects and other plants, and they belong to the group of phytoalexins (Martens and Mithöfer 2005) which protect plants against pathogenic organisms.
During the present study, higher light intensity increased the accumulation of cyanidin-3-O-galactosyl-rhamnoside and cyanidin-3-O-glucosyl-rhamnoside in the cotyledons of buckwheat cultivars (except Hruszowska), (Table 2) . Those results validate the hypothesis stating that anthocyanins play an important role in protecting plants against excessive visible light or UV-B radiation (Burchard et al. 2000; Gould 2004; Agati and Tattini 2010; Fallovo et al. 2011) .
Due to its heterozygosity and outbreeding, common buckwheat is characterized by significant genetic variability within a population (Ohnishi 1990) . In this study, Red Corolla deserves special attention with respect to its flavonoid content. Red Corolla constitutes a distinct genotype in the group of the evaluated cultivars, while Panda and Kora are genetically closer to Hruszowska. The Red Corolla is a cross between Hruszowska and the Buryatskaya population grown in the steppe region of the former USSR. Red Corolla have reddish cotyledons and leaves, and is more resistant to low temperatures and drought than the remaining cultivars used in this experiment. The differences in the changes of flavonoids content suggest that, presumably, common buckwheat shows intraspecific variation in the response to light intensity. Results of correlation analysis indicate that the increase in flavonol and anthocyanin concentrations in response to higher light intensity is maintained through reduced accumulation of flavones and proanthocyanidins (Table 3;  Table S1 ).
In conclusion, this study demonstrated that the concentrations of quercetin, luteolin and apigenin glycosides in the cotyledons of buckwheat seedlings respond differently to light intensity. Exposure to higher light intensity decreased the content of all flavone glycosides, but induced a considerable increase in flavonol levels, in particular rutin. To the best of our knowledge, this is the first evidence to demonstrate the contrary responses of plant flavonols and flavones to light intensity. Exposure to higher light intensity also increased the anthocyanin content in the cotyledons of buckwheat seedlings, which is consistent with the findings of other authors. Our findings indicate that quercetin O-glycosides can play a similar role in the cotyledons of common buckwheat seedlings. Significant correlations were found between the content of flavones, flavonols, anthocyanins and proanthocyanidins, which suggests that the increase in flavonol and anthocyanin concentrations in response to higher light intensity is maintained through reduced accumulation of flavones and proanthocyanidins.
